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The Cdk8 proteins are kinases which phosphorylate the carboxy terminal domain (CTD) of RNA polymerase II (Pol II) as well as some
transcription factors and, therefore, are involved in the regulation of transcription. Here, we report that a Cdk8 homologue from Dictyostelium
discoideum is localized in the nucleus where it forms part of a high molecular weight complex that has CTD kinase activity. Insertional
mutagenesis was used to abrogate gene function, and analysis of the null strain revealed that the DdCdk8 protein plays an important role in
spore formation during late development. As previously reported [Dev. Growth Differ. 44 (2002) 213] Ddcdk8 cells also exhibit impaired
aggregation, although we report that the severity of the defect depends upon experimental conditions. When aggregation occurs, Ddcdk8
cells form abnormal terminally differentiated structures within which the Ddcdk8 cells differentiate into stalk cells but fail to form spores,
indicating a role for DdCdk8 in cell differentiation. When Ddcdk8 is expressed from its own promoter, the protein is able to rescue both the
late developmental defect and the impaired aggregation. However, when expressed from an heterologous promoter, only the impaired
aggregation is rescued. This result demonstrates that the defect during late development is not a consequence of impaired aggregation and
indicates a direct role for DdCdk8 in spore formation.
D 2004 Elsevier Inc. All rights reserved.Keywords: Regulation of transcription; RNA polymerase II; CTD phosphorylation; Spore differentiation
Introduction One class of kinases implicated in phosphorylation of
the CTD is the Cdk7-9 subclass of the cyclin-dependentThe control of transcription by RNA polymerase II (Pol
II) involves the assembly of a multiprotein complex on the
promoter. One of the many factors involved in the regula-
tion of Pol II is the phosphorylation of the serine residues at
positions 2 and 5 of the multiple copies of the heptad repeat
(YSPTSPS) which makes up the carboxy terminal domain
(CTD) of the large subunit of Pol II. This phosphorylation
plays a role in capping the messenger RNA, elongation,
splicing, and polyadenylation (reviewed in Hirose and
Manley, 2000).0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.03.020
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University, Tainan, Taiwan.kinase (Cdk) family. Cdk8 has been found associated with
a variety of Pol II holoenzyme complexes (Boyer et al.,
1999), and there is evidence that CTD phosphorylation by
the yeast Cdk8 homologue, Srb10, blocks the recruitment
of RNA Pol II holoenzyme to promoter DNA (Hentgartner
et al., 1998). Furthermore, microarray analysis of srb10
null cells has revealed an up-regulation in the expression
of approximately 3% of the yeast genome, supporting a
role for Srb10 in inhibition of transcription (Holstege et al.,
1998). However, there is also evidence that the SRB/
mediator complex, containing Cdk8, can act in a positive
manner (Gold et al., 1996).
In addition to the CTD, Cdk8 may phosphorylate other
substrates within the initiation complex that could also
influence transcriptional events. In particular, Cdk8 can
phosphorylate cyclin H (the cyclin partner of Cdk7) leading
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transcription factors such as Gcn4. Phosphorylation by
Srb10 targets Gcn4 for ubiquitin-mediated degradation and
thus affects the transcription of Gcn4-regulated genes (Chi
et al., 2001).
Regulation of the activity of CTD kinases would be
expected to coordinately alter expression of many genes,
and there are reports of modulation of CTD kinase activity
during oncogene-stimulated up-regulation of transcription
(Abdellatif et al., 1998), in transcriptionally silent germ
cells (Seydoux and Dunn, 1997) and during cell cycle-
dependent regulation of transcription (Akoulitchev and
Reinberg, 1998; Long et al., 1998). srb10 null strains
overexpress a range of genes involved in the recovery
from stress and normally induced on starvation (Holstege
et al., 1998). This is consistent with evidence that Srb10 is
regulated by a stress response pathway (Cooper et al.,
1997).
Relatively little is known about the regulation of Cdk8
kinases and how alterations in activity might relate to
cell function. An intriguing possibility is that they are
involved in the changes in gene expression that are
associated with differentiation. Mice with a targeted
disruption of TRAP100, another component of the com-
plex which contains Cdk8, fail to develop (Itoh et al.,
2002), and in zebra fish, Cdk8 shows a restricted pattern
of expression during development (Brabazon et al.,
2002). In S. cerevisiae, Srb10 is required to inhibit the
switch to the filamentous growth phase normally trig-
gered in response to nitrogen limitation (Nelson et al.,
2003). We have, therefore, investigated the function of a
Cdk8 homologue in cell fate decisions in a genetically
tractable organism, Dictyostelium discoideum, which
undergoes a relatively simple developmental life cycle.
Dictyostelium amoebae live as single cells when food is
available. Starvation triggers a developmental phase dur-
ing which the amoebae aggregate together to form a
multicellular mass. After 24 h, a fruiting body consisting
of spores supported by a stalk of vacuolated cells is
formed. While this work was in progress, it was reported
that the disruption of the gene encoding the Dictyostelium
homologue of Cdk8 gave rise to cells which are unable
to form aggregates following growth on bacterial lawns
(Takeda et al., 2002). Here, we report that Ddcdk8
Dictyostelium cells have a pleiotropic phenotype. We
confirm that under certain nonpermissive conditions, they
exhibit impaired aggregation, although under other con-
ditions, aggregation occurs efficiently. However, spore
cell formation is blocked when the cells form terminal
structures regardless of the growth or developmental
conditions. Expression of DdCdk8 in the null cells from
a heterologous promoter reveals that the late develop-
mental defect is not dependent on the impaired aggrega-
tion, thus defining a novel role for Cdk8 in the
regulation of expression of genes required for terminal
spore differentiation.Methods
Cell culture and development
Dictyostelium strains were grown on SM-agar plates in
association with Klebsiella aerogenes at 22jC in the dark or
axenically in HL-5 medium (Watts and Ashworth, 1970),
supplemented with appropriate antibiotics, at 22jC shaken
at 180 rpm or plated onto plastic Petri dishes. Neor trans-
formants were selected and maintained in association with
E. coli B/r (Hughes et al., 1992), and Bsr transformants were
selected and grown in axenic medium containing 5 Ag/ml of
blasticidin S (Sutoh, 1993). For development, midlog phase
cells were washed thoroughly in KK2 buffer (20 mM KPO4,
2 mM MgCl2, pH 6.1) and resuspended at the required cell
density on agar containing Bonner’s salts (10 mM NaCl, 10
mM KCl, 2 mM CaCl2) or on Millipore nitrocellulose filters
supported on a pad saturated in Bonner’s salts. Aggregation
assays were carried out by plating the cells on plastic Petri
dishes at a density of 6  105/cm2 under Bonner’s salts and
incubating at 22jC in the dark. The number of viable spores
was determined by harvesting all cells after 5 days of
development, treating with Triton X-100 and counting the
number of resistant cells able to form plaques on bacterial
lawns (Mohanty et al., 1999).
Chemotaxis assays
Cells were grown axenically in plastic dishes, and micro-
pipette assays were then carried out on aggregation compe-
tent cells, as described by Lim et al. (2001). Phase contrast
images were captured through an Olympus IX-70 inverted
microscope using a PAGE CCD camera and Scion Image 4.0.
Gene disruption and overexpression
A PCR amplification product containing the Ddcdk8
coding sequences, from amino acid residue 2 to the stop
codon, was inserted downstream of the coding sequence for
the epitope for the 9E10 antibody (residues 408–439 of
human c-myc), and this DNA product then inserted down-
stream of the constitutive actin 15 promoter and used to
drive expression of myc-tagged DdCdk8. The kinase-dead
version of Ddcdk8 was created by introducing a single point
mutation (A to C) at position 581 of the DdCdk8 coding
sequence by site-directed mutagenesis. This led to expres-
sion of a protein with aspartate 194 replaced by an alanine
residue. The corresponding mutation has been shown to
destroy the kinase activity of Srb10 (Liao et al., 1995). The
construct for Ddcdk8 gene disruption was made by PCR
amplification of two Ddcdk8 gene fragments: a fragment
that stretched from nucleotide 1 to 440 of the coding region
and one that stretched from 462 to the stop codon. The two
fragments were then ligated upstream and downstream of
the bsr resistance cassette (Sutoh, 1993). The resulting
plasmid DNAs were electroporated into Ax2 cells and
H.-H.S. Lin et al. / Developmentatransformants selected as previously described (Howard et
al., 1988).
Indirect immunofluorescence
Exponentially growing cells expressing myc-DdCdk8
from its endogenous promoter were washed three times
in PBS and blocked in PBS containing 0.5% bovine serum
albumin (BSA) for 1 h at room temperature. Anti c-myc
antibody 9E10 (Invitrogen) was added to a concentration
of 1.4 Ag/ml in PBS for 1 h. After three washes in PBS,
the cells were incubated with fluorescein isothiocyanate
(FITC)-conjugated secondary antibody (Jackson Immu-
noResearch) in PBS for 1 h. To visualize nuclei, an
additional staining with Hoescht 33258 was performed
on cells that had been fixed in 4% paraformaldehyde for
30 min.
Isolation of nuclear extract and gel filtration
chromatography
Nuclear extract from 109 cells expressing Myc-DdCdk8
was isolated as previously described (Ozaki et al., 1993).
The extract was subjected to filtration on a 24-ml Superose
6 column (Amersham Pharmacia Biotech) equilibrated in
buffer (25 mM HEPES pH7.4, 300 mM NaCl, 1 mM
EDTA, 10 mM h-mercaptoethanol, 5% glycerol).One-mil-
liliter fractions were collected and analyzed for protein
expression by Western blot using anti-myc antibody 9E10
(Invitrogen). The molecular weight of protein in each of
the collected fractions was calculated in relation to a High
Molecular Weight Gel Filtration Kit (Amersham Pharmacia
Biotech).
Immunoprecipitation and kinase assays
Cells (3108) were pelleted and resuspended in 1 ml of
cold NP-40 buffer [1 PBS pH 7.4, 50 mM NaF, 1%
Nonidet P-40, 2 mM EDTA pH 7.2, 1 mM Na pyrophos-
phate, protease inhibitor cocktails (Roche)]. The resulting
cell lysate was precleared by treatment with 50% Sephar-
ose G slurry (Pharmacia) at 4jC for 1 h and, following
centrifugation, the supernatant subjected to immunoprecip-
itation using the a-myc 9E10 mAb (Invitrogen) (7.5 Ag/ml)
at 4jC for 2 h. The precipitated immune complex was
collected on protein G sepharose and the beads washed
three times with NP-40 buffer and once in kinase buffer
[40 mM HEPES, pH 7.7, 7.5 mM Mg(OAc)2, 1 mM
DTT]. The washed beads were then resuspended in 10 Al of
kinase buffer supplemented with 50 AM ATP, 2 ACi
[g32P]ATP (Amersham) and 1 Ag CTD peptide (Rickert
et al., 1996) and the suspension incubated at 22jC for 30
min. Controls contained no CTD peptide. The reaction
mixtures were then fractionated on a 15% polyacrylamide
gel. After electrophoresis, the gel was dried and subjected
to autoradiography.b-Galactosidase staining
The method used for staining of multicellular stages for
h-galactosidase gene expression was as previously de-
scribed (Dingermann et al., 1989).
Northern blot analysis
Total cellular RNA was prepared from 4  107 cells
(developed on filters) by the Catrimox-14k (Iowa Bio-
technology Corp.) method (Insall et al., 1996). Northern
analysis was carried out as previously described (Huang et
al., 1997). Equal loading was confirmed either by reprob-
ing the blot with a probe for a transcript expressed equally
at the time points shown (IG7) or by visually inspecting
ribosomal RNA levels following ethidium bromide stain-
ing. The filters were imaged and quantified with Stormim-
ager 860 (Molecular Dynamics).
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Isolation of the gene encoding DdCdk8
A 1638-bp cDNA clone encoding DdCdk8 (Ddcdk8) was
isolated by screening a cDNA library with a Dictyostelium
PCR product that shared considerable identity with DdCdc2
(Michaelis and Weeks, 1992). Sequencing revealed a gene
product more closely related to human Cdk8 (48% identity)
than to any of the other human Cdks and identical to that
recently described by Takeda et al. (2002). The predicted
protein sequence shows high conservation of several dis-
tinguishing motifs characteristic of Cdk8 proteins, including
an acidic residue instead of a phosphorylatable threonine
found in the T loop of other Cdks and an amino acid
insertion into the highly conserved GDSEID motif (data
not shown).
DdCdk8 is enriched in the nucleus and is associated with
CTD kinase activity in vitro
If DdCdk8 is the functional orthologue of mammalian
Cdk8, then it ought to be found as part of a large complex
in the nucleus and be able to phosphorylate the CTD of
RNA Pol II. The large subunit of Dictyostelium RNA Pol
II is known to contain 24 copies of this conserved
heptapeptide repeat (Lam et al., 1992). Enrichment in the
nucleus was demonstrated by determining the location of
DdCdk8, tagged with the epitope to human c-myc at the N-
terminus (Fig. 1A). Similar enrichment was also observed
following expression of DdCdk8 tagged with green fluo-
rescent protein (GFP) at either the N- or C-terminus (data
not shown). In all cases, some tagged DdCdk8 was also
observed in the cytosol. This could be due to the over-
expression of the tagged protein or represent a genuine
pool of DdCdk8 outside the nucleus. When nuclear extract
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size fractionated by gel filtration, a significant proportion
of the tagged DdCdk8 eluted in fractions predicted to
contain complexes of around 1–1.5 MDa (Fig. 1B), a
pattern very similar to that seen for Cdk8 in mammalian
cells (Rickert et al., 1996). The myc-DdCdk8 immunopre-
cipitated using anti-myc antibody catalyzed the phosphor-ylation of a CTD peptide substrate in an in vitro kinase
assay (Fig. 1C). Immunoprecipitates containing 10-fold
higher levels of a mutated version of DdCdk8 (D194A)
exhibited no CTD kinase activity (Fig. 1C). The
corresponding mutation in Srb10 has been shown to
destroy kinase activity (Liao et al., 1995). These data are
therefore consistent with DdCdk8 itself rather than a
coprecipitating protein, being responsible for the phosphor-
ylation of the CTD, although we cannot totally rule out the
possibility that DdCdk8 kinase activity is required for
association or activation of another kinase.
Disruption of the Dictyostelium Ddcdk8 gene
To understand the role of DdCdk8 during Dictyostelium
differentiation, a DdCdk8 deficient strain was generated by
homologous recombination. A construct containing a blas-
ticidin resistance selectable marker inserted into the Ddcdk8
coding sequence was transfected into Ax2 cells and stable
transformants selected with blasticidin S. Resistant colonies
were cloned and screened for gene disruption. Three inde-
pendent clones that no longer contained an intact Ddcdk8
gene were identified by PCR, and Southern analysis con-
firmed that the Ddcdk8 gene contained an insertion (data not
shown). The DdCdk8 mRNA, normally expressed through-
out growth and development, was not expressed in the
Ddcdk8 cells (data not shown). All the three cell lines
exhibited identical growth and developmental phenotypes;
therefore, one was chosen for all the subsequent work
described.Fig. 1. Nuclear enrichment, complex formation and kinase activity of
DdCdk8. (A) Cellular localization of myc-tagged DdCdk8 expressed in Ax2
cells was examined by indirect immunofluorescence using 9E10 antibody
directed against the myc epitope (I). Hoechst dye 33258 staining indicates
the location of nuclei (II), and the bright field picture is shown for
comparison (III). The bar represents 15 Am. (B) DdCdk8 was tagged at the
N-terminus with the 9E10 epitope from human c-myc and expressed in Ax2
cells under the control of the actin 15 promoter. Nuclear extract from these
cells was subjected to gel filtration on a Superose 6 column. Following this
chromatography, fractions were analyzed for the presence of DdCdk8 by
Western blot analysis, following fractionation on an 8% SDS–polyacryl-
amide gel (PAGE), using antibody specific for the myc tag. The elution
positions of the standard molecular weight markers run on the same gel
filtration system are indicated in kDa. (C) Cells overexpressing myc-tagged
DdCdk8, wild-type or kinase-dead (D194A), were harvested, lysed, and the
resulting lysate immunoprecipitated with anti-myc mAb. The kinase assay
was performed by incubating the immunoprecipitate with g-32P-ATP in the
presence (+) or absence () of CTD peptide. Samples from 8  105 cells
(1) and a 10-fold dilution (101) were analyzed on a 15%
polyacrylamide gel. After electrophoresis, the gel was dried, and radioactive
CTD was detected by autoradiography. (D) A sample of each of the
immunoprecipitates equivalent to 1.5  106 cells (1) and a 10-fold
dilution (0.1) were resolved by 10% SDS–PAGE and analyzed by
Western blot using anti-myc antibody to confirm the levels of immunopre-
cipitated tagged protein present in each kinase assay. The level of kinase-
dead DdCdk8(D194A) is around 10 times higher than the wild-type protein,
but no kinase activity was observed. As the same antibody was used for the
immunoprecipitation and Western analysis, the immunoglobulin heavy and
light chains are also detectable.
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Ddcdk8 cells exhibited impaired aggregation, although
the severity of the impairment depended upon the experi-
mental conditions. Consistent with previous reports (Takeda
et al., 2002), they failed to aggregate following growth on
bacterial lawns (data not shown), and aggregation on
H.-H.S. Lin et al. / DevelopmFig. 2. Ddcdk8 cells exhibit impaired aggregation. (A) Ax2 and Ddcdk8 cells w
either (I) plated to develop on buffered agar at a density of 1  106 cells/cm2 or (II
pulsing with 25 nM cAMP every 6 min, and then developed at a density of 1  10
6 magnification. (B) Ax2 and Ddcdk8 cells were grown axenically on plasti
Photographs were taken after 9 h, at 10 magnification. (C) Ax2 and Ddcdk8 cel
and allowed to aggregate on plastic under buffer. Photographs were taken after 9 h,
Aggregation-competent Ax2 and Ddcdk8 cells were plated on plastic under Bonn
cAMP (104 M) (Lim et al., 2001). Photographs were taken at 1, 19, and 37 minbuffered agar was extremely poor after cells had been grown
axenically in shaken suspension (Fig. 2A). Although aggre-
gation was considerably improved when these cells were
pulsed with cAMP before plating on buffered agar (Fig.
2A), it was still less efficient than that exhibited by Ax2
cells. Following axenic growth attached to a plastic surface,
Ddcdk8 cells aggregated efficiently on buffered agar (Fig.ere harvested during exponential axenic growth in shaken suspension and
) shaken in suspension for 6 h in KK2 at 10
7 cells/ml, either with or without
6 cells/cm2 on buffered agar at 22jC. Photographs were taken after 48 h, at
c surfaces before harvesting and plated on filters to initiate development.
ls grown on plastic surfaces were harvested, washed, plated at 6  105/cm2,
demonstrating that Ddcdk8 cells formed aggregates without streaming. (D)
er’s salts and tested for their ability to chemotax towards a needle containing
.
Fig. 3. Northern analysis of early developmental gene expression. Ax2 and
Ddcdk8 cells were harvested at the indicated times, following plating on
nonnutrient agar, and RNA was extracted for Northern blot analysis using
cDNA probes for several genes specific for early development (carA,
pkacat, pde, discI) or vegetative growth (cprD). IG7 is expressed
constitutively throughout development and was used as a loading control.
Fig. 4. Terminal structures formed following development of Ddcdk8
cells. Ax2 and Ddcdk8 cells, grown axenically on plastic, were washed
free of medium and plated on filters for development. Photographs were
taken after 21 (25 magnification) and 40 h (10 magnification).
H.-H.S. Lin et al. / Developmental Biology 271 (2004) 49–58542B) or on a plastic surface (Fig. 2C), although no aggrega-
tion streams were detectable (Fig. 2C), and time lapse
photography revealed no evidence for pulsatile movement
(data not shown). In addition, these cells exhibited more
rapid chemotaxis towards cAMP (Fig. 2D) than Ax2 cells.
Since Cdk8 globally regulates gene expression in yeast,
the aggregation defect in Ddcdk8 cells could be due to a
misregulation of early developmental gene expression.
Northern analysis of cells developing under nonpermissive
conditions revealed a selective alteration in the expression
of some early developmental genes (Fig. 3). The pkacat and
discoidin (disc1) genes were already up-regulated in grow-
ing, vegetative Ddcdk8 cells and did not exhibit a further
increase in expression after the onset of starvation. In
addition, carA was slightly expressed in vegetative cells,
and the small increase seen on starvation was considerably
lower than the increase observed for Ax2 cells. The expres-
sion of the gene encoding adenylyl cyclase, aca, was
undetectable in either vegetative or early developing
Ddcdk8 cells; while in contrast, the aggregation-specific
pde transcript showed apparently normal regulation. The
cprD transcript, normally expressed only in vegetative cells,
was expressed only at low levels in vegetative Ddcdk8
cells, although levels did drop upon starvation. In summary,
although some changes in early gene expression are detect-able, there is no evidence for global regulation of all early
gene expression by DdCdk8.
Ddcdk8 cells exhibit impaired terminal development
Under conditions that allowed aggregation, further de-
velopment occurred to produce distorted terminal develop-
mental structures (Fig. 4). Multiple tips were produced from
a single aggregate, and these elongated slowly to form slugs.
In the terminal structures, the basal disc and the stalk were
thickened and enlarged, and a small spherical ‘sorus’ was
apparent at the end of the stalk. The structures were
unstable, despite the thickened basal disc and stalk, and
many collapsed. The sorus was also fragile often disinte-
grating within 24 h. The stalk region contained cells which
were morphologically similar to the stalk cells produced by
the parental strain. Cells resembling prespore cells were also
present, but no spores were visible (data not shown), and the
number of viable spores produced was less than 0.004% of
the input cells. Under these conditions, parental Ax2 cells
produced an average of 1.7 times the number of input cells
as viable spores.
Expression of late developmental genes in Ddcdk8 cells
Given the abnormal late development of Ddcdk8 cells,
it was pertinent to investigate cell type-specific gene ex-
pression. Northern analysis (Fig. 5A) revealed a very slight
reduction in the expression of the prestalk markers ecmA
and ecmB in Ddcdk8 cells and a somewhat more pro-
nounced reduction in expression of the prespore markers
cotC and pspA, especially at late developmental time points.
The major difference, however, was the very low level of
expression of spiA, a gene which is up-regulated on terminal
differentiation of spore cells. Terminal differentiation of
spore cells is known to depend on activation of cAMP-
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Hopper et al., 1993); therefore, the failure to generate spores
could reflect a loss of expression of the catalytic subunit ofFig. 5. Expression of late developmental genes in Ax2 andDdcdk8 cells. (A) Ax2
set to develop on filters. Cells were harvested at the times shown, and RNAwas extr
prestalk cells (ecmA and ecmB), prespore cells (pspA and cotC), and mature spore ce
(pkaC). (B) Ax2 andDdcdk8 cells were transformed with constructs expressing lac
(b) promoters. Cells were developed for 4 h in shaking suspensionwith 25-nMpulse
(Ddcdk8) cells/cm2 and allowed to develop at 22jC. Expression of the lacZ genew
at the finger/slug stage or in the final structures are shown for each (10 magnificthis enzyme in Ddcdk8 cells. However, Northern analysis
revealed no change in the mRNA expression level of pkaC
during late development (Fig. 5A).andDdcdk8 cells were grown axenically on plastic surfaces, harvested, and
acted for Northern blot analysis using cDNA probes known to be specific for
lls (spiA), as well as the catalytic subunit of cAMP-dependent protein kinase
Z driven by either the prestalk-specific ecmA (a) or the prespore-specific pspA
s of cAMP before plating onKK2 agar at a density of 5 105 (Ax2) or 3 106
as monitored by staining forh-galactosidase activity. Typical staining patterns
ation for Ax2 structures and 40 for Ddcdk8 cells).
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prestalk and prespore genes using Ddcdk8 strains that
had been transformed with the lacZ gene driven by the
promoters of either the prestalk-specific gene ecmA (Jer-
myn et al., 1989) or the prespore-specific gene pspA
(Early et al., 1988) (Fig. 5B). In parental Ax2 cells,
ecmADlacZ was expressed in the prestalk cells which
make up the front 1/5 of the slug and, subsequently, in
the stalk and upper and lower cups which support the
spores in the terminal structure (Fig. 5B). In developing
Ddcdk8 cells, ecmADlacZ was also expressed in the
anterior of the abnormal slug, but in the terminal struc-
tures, the strongest staining was observed throughout the
spore head region (Fig. 5B). At the slug stage,
pspADlacZ expression showed an apparently normal
pattern in Ddcdk8 cells, being localized in the cells
occupying the rear 4/5 of the slug that normally goes on
to differentiate into spores. In the final structures, expres-
sion was localized in the small, abnormal spore head
region where one would expect spores to be located (Fig.
5B). These experiments reveal a fairly normal pattern of
prestalk and prespore gene expression at the slug stage,
but differences do emerge during late development with a
more widespread expression of the prestalk-specific gene
ecmA and reduced expression of the prespore specific
gene, pspA. These Northern blot and h-galactosidase
staining results taken together suggest relatively smallFig. 6. Complementation of the phenotype of Ddcdk8 cells by expression
[cdk8DDdcdk8] and Ddcdk8 [act15DDdcdk8] cells, harvested from shaking sus
cells/cm2, conditions under which Ddcdk8 cells do not form a significant numbe
that were chosen to show aggregation, slug formation, and terminally differen
[cdk8DDdcdk8] cells did not change in appearance over the next 4 days (not shochanges in prespore- and prestalk-specific gene expression
in the slug but more substantial effects on the distribution
of prestalk gene expression during culmination and a
considerable loss in expression of genes associated with
spore cell maturation.
The role for DdCdk8 in cell fate is separable from its role
during growth and aggregation
It is possible that the aggregation abnormalities result
in the late developmental defects. This possibility was
eliminated, however, by analysis of the development of
Ddcdk8 cells that had been rescued by the expression of
Myc-DdCdk8. As expected, expression of the Ddcdk8
gene from its own promoter (Ddcdk8 [cdk8DDdcdk8]
cells) led to a rescue of both the aggregation and terminal
differentiation defects (Fig. 6), and spore cell formation
was restored. However, when the identical Myc-DdCdk8
fusion protein was expressed from the actin 15 promoter
Ddcdk8 [act15::Ddcdk8], only the aggregation defect of
the Ddcdk8 cells was rescued; the late developmental
defect was still apparent (Fig. 6), and spore formation
was less than 0.008% of the number of input cells. Thus,
the inability of Ddcdk8 cells to differentiate into spores
is not a consequence of the earlier alterations in cell
behavior but represents an independent event which
requires DdCdk8.of DdCdk8 from different promoters. Axenically grown Ax2, Ddcdk8
pension, were allowed to develop on buffered agar at a density of 1  106
r of aggregates (Fig. 3). The cells were photographed at the indicated times
tiated structures. The terminal structures formed by Ax2 and Ddcdk8
wn).
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The DdCdk8 protein shares a high level of identity with
human Cdk8 and the corresponding S. cerevisiae Srb10 and
exhibits the functional characteristics expected of a Cdk8
protein. DdCdk8 accumulates in the nucleus, as expected for
a kinase involved in transcriptional regulation, and immu-
noprecipitates of DdCdk8 have CTD kinase activity. This
CTD phosphorylation is dependent on the kinase activity of
DdCdk8 as it is not detectable in immunoprecipitates of a
kinase-dead version of the protein. In addition, a proportion
of nuclear-localized DdCdk8 is present in a high molecular
weight complex. These properties are consistent with this
protein being a functional homologue of the Cdk8 proteins.
Expression of human Cdk8 in the Ddcdk8 cells failed to
rescue any of the phenotypes (unpublished observations),
but human Cdk8 does not complement the defects of yeast
srb10 null cells either (Leclerc and Leopold, 1996). The
failure to obtain cross-species complementation may be due
to the fact that Cdk8 interacts with many other proteins to
form a functional complex, thus requiring a much higher
level of sequence identity to maintain all of the interactions
required for function. Overexpression of DdCdk8 does not
lead to an obvious phenotype (data not shown), consistent
with the kinase being strictly regulated, perhaps by associ-
ation with a cyclin C homologue. However, strains in which
the Ddcdk8 gene has been disrupted by homologous recom-
bination show a consistent impairment in aggregation and a
defect during late development. This defect in the late
development is accompanied by the down-regulation of
expression of the spore-specific transcript spiA.
The failure of Ddcdk8 cells to aggregate following
growth on bacterial lawns is identical to the phenotype of
a mutant isolated by random insertional mutagenesis, which
was later found to have a defect in the same Ddcdk8 gene
(Takeda et al., 2002). However, other than the finding that
early development gene expression was misregulated, a
result confirmed by ourselves, the mutant was not further
characterized. We have found that aggregation was also
extremely defective following the growth of the Ddcdk8
cells under axenic shaken suspension conditions. Pulsing
these cells with cAMP during the first 6 h of development
led to an increased aggregation efficiency, suggesting im-
paired signal relay. Furthermore, although the Ddcdk8
cells aggregate efficiently following axenic growth on a
plastic surface, streaming was not observed, and there was
no evidence of pulsatile cell movement, again consistent
with an impairment in signal relay. The failure to stream is
reminiscent of cells deficient in the gene encoding the
adenylyl cyclase ACA (Kriebel et al., 2003), and Northern
analysis of starving Ddcdk8 cells could detect no expres-
sion of this gene offering one possible explanation for this
aspect of the phenotype.
The terminal structures that were formed produced negli-
gible numbers of spores, but there was widespread stalk cell
formation in the enlarged basal disc and thickened stalk-likestructure. Northern analysis of the endogenous ecmA and
ecmB transcripts revealed no major alteration in expression
level in Ddcdk8 cells, and expression of h-galactosidase
driven by the prestalk-specific ecmA promoter exhibited a
normal distribution at the slug stage. However, during late
development, ecmA expression was observed throughout the
abnormal terminal spore head structure. The stained cells
could represent inappropriate expression in what were once
prespore cells. Northern analysis of pspA and cotC revealed a
slightly reduced level of expression, and spatial expression of
pspAwas apparently normal at the slug stage of development.
The major defect was a failure of terminal differentiation of
prespore cells into spore cells. This was demonstrated by the
low levels of viable spores that were produced and by the
significantly reduced expression of spiA, a marker of spore
cell terminal differentiation. Terminal spore differentiation is
known to depend on the activation of cAMP-dependent
protein kinase (Hopper and Williams, 1994; Hopper et al.,
1993); therefore, one possible explanation for the failure to
generate spores was the lack of expression of this enzyme in
Ddcdk8 cells. However, Northern analysis revealed no
detectable changes in the expression level of the transcript
encoding the catalytic subunit during late development.
DdCdk8 is, therefore, not required for stalk cell formation
but is essential for spore cell formation.
It is unlikely that the defect in spore cell formation is a
consequence of the earlier defect in aggregation, since they
could be separated by expression of exogenous Ddcdk8
from the actin15 promoter. This rescued the aggregation
defect, but the late developmental defect was still apparent,
a result consistent with the idea that DdCdk8 plays a direct
role in the terminal differentiation of spore cells.
These results reveal that the nuclear protein kinase
DdCdk8 plays a role in specific signaling pathways during
early development rather than having a general effect on
global gene expression. In addition, DdCdk8 is essential for
the terminal differentiation of spore cells, perhaps being
necessary for the expression of other spore-specific genes
in addition to spiA, suggesting a link between regulation of
DdCdk8 activity and the signaling events required for spore
cell maturation. This is the first report of a Cdk8 homologue
requirement for a specific developmental event in a multi-
cellular organism, and that identifies it as a novel component
involved in the regulation of Dictyostelium development.Acknowledgments
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